The Hall coefficients (R H ) are investigated along the in-plane direction for carefully prepared La 2−x Sr x CuO 4 thin films from x=0.08 to x=0.40. It is found that room-temperature value of R H smoothly changes its sign from positive for x ≤ 0.28 to negative for x ≥ 0.32 showing contrasting behavior to previously reported results. This result indicates that a Fermi surface smoothly change from hole-like to electron-like in its shape by hole doping.
Evolution of superconductivity according to carrier doping is an essential feature of hightemperature (high-T c ) cuprate superconductors. All high-T c cuprates commonly involve a two-dimensional square-lattice CuO 2 planes, on which an electronic ground state drastically change from insulator to doped semiconductors, superconductor, and normal metal.
2 One of the key issues to understand the mechanism of high-T c superconductivity is to know how superconductivity appears by carrier doping, and people have focused on the physical properties at underdoped region. Even though a final consensus has not yet been obtained, we come to believe that a strong coupling between charge, spin, and lattice plays a significant role in this underdoped region. Contrary to extensive studies from the underdoped side, experimental approach from the overdoped side is quite few probably due to a difficulty in preparing samples. 1 To our knowledge, such an approach with high-quality single crystals or thin films is limited only to two systems: La 2−x Sr x CuO 4 (LSCO), [2] [3] [4] and Tl 2 Ba 2 CuO 6+δ (Tl2201). 5, 6 Since it is difficult to prepare a high-quality Tl2201 crystals, LSCO has still been the most important system for the study from the nonsuperconducting overdoped side.
It has still been an open question whether heavily overdoped LSCO can be regarded as a simple metal, or not. Takagi et al. reported that resistivity does not follow simple T 2 behavior but is well fitted by T 1.5 for x = 0.34 single-crystal thin films. 3 Nakamae et al.
has recently found ideal T 2 resistivity behavior below ∼ 55 K for x = 0.30 single crystal, 4 but the resistivity at higher temperature region follows T 1.6 behavior. Similar problem has been known for over-doped Tl2201 single crystals, 5, 6 where pure T 2 behaviors has never been observed. These situations suggest that there is a difficulty in judging whether or not heavily overdoped high-T c cuprates merge into normal Fermi liquid only from resistivity measurements. In addition, the resistivity measurements of a highly anisotropic crystal is technically difficult, because even a slight misalignment of the crystal seriously affects the resistivity measurements, and consequently, it may cause a serious error in judging the temperature dependence.
Hall coefficient (R H ) is more robust parameter than resistivity, but the R H data for heavily overdoped LSCO has been still controversial. In this paper, we propose to solve these two problems with using epitaxial thin films combined with strong oxidation technique, and carry out Hall-effect measurements to demonstrate that sufficient amount holes can be doped in LSCO at least up to x=0.40. Particularly we pay attention to the following two points; a) whether R H indeed becomes negative above certain x, or just stays at zero, and b) how the temperature dependence of R H goes with increasing x, or in other words, to see if an ordinary Fermi liquid (T -independent R H ) indeed exists in the heavily overdoped LSCO.
All films were grown by pulsed laser deposition (PLD) technique with low-pressure pure ozone as an oxidant. 11 We used SrTiO 3 (100) as a substrate not only to compare our data with several published data but also to decrease an influence of strong epitaxial-strain effect as is observed in the films grown on LaSrAlO 4 (001) and LSAT (100). 12-14 Substrate temperature was set around 820-840
• C, and the film thickness is kept around 1500-2500Å. Samples are separated into two groups; the films for x = 0.08-0.22 were processed into a small six-terminal shape using photolithography and wet etching, 15 while those for x = 0.24-0.40 were prepared using metal mask (six terminal shape) in order to avoid any heat treatments after the growth.
Ozone is indispensable for the present study; In the first place, we can keep the chemical composition of the films identical to the targets. It is known in usual PLD or sputtering technique that the excess Cu is necessary to be added in the target in order to compensate the Cu deficiency in the films, 8 but this makes the relation between Sr concentration and real hole density unclear and uncontrollable. The reduction of gas pressure can make the mean-free path of each ablated species longer than the target-substrate distance, and thus, the deviation of chemical composition is suppressed. 16 We set the ozone pressure to 10 mPa during the film deposition, and increase to 15 mPa during the cooling down process. This pressure is one order of magnitude larger than that usually used in MBE growth of high-T c cuprates. 12 In the second place, we can utilize stronger oxidation than high-pressure by using ozone. It is known that activity of ozone at T =300 K reaches 10 19 times larger than that of oxygen, 17 implying an effectiveness of compensation of oxygen deficiency. In the present case, we suppress the oxygen deficiency by supplying ozone until the film temperature decreases 60 ∼ 65 • C, This procedure is applied for the sample with 0.20 ≤ x ≤ 0.40. The other films with lower x are annealed after the growth under the same conditions that is applied to bulk single crystals.
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The temperature dependence of the resistivity of all the films are summarized in Fig. 1(a) .
They show a systematic change in magnitude and T c . The magnitude of the resistivity in moderately doped films is slightly higher than that of bulk single crystals, 19 which is frequently observed when films are grown on SrTiO 3 , 8, 12, 20 We attribute this to an remanent epitaxial-strain effect. 11 The zero resistivity temperature (T c0 ) is plotted as functions of
x in the inset of Fig.1(a) , in which we see a conventional dome-shape curvature. The temperature dependence of Hall coefficients for these films are shown in Fig. 1(b) . In contrast to the resistivity data, R H shows better coincidence with those of bulk single crystals; 19 R H moderately increases toward low temperatures, shows a peak between 50 -100 K, and rapidly decreases toward superconducting transition. The room temperature values are plotted in the inset of Fig. 3 , which shows a smooth evolution of low-field R H by Sr doping.
We focus on the heavily overdoped region in more detail. We again plot the resistivity and Hall data for x ≥ 0.28 in Figs. 2(a) and (b) . As is easily seen, superconductivity is clearly observed for x=0.24 and 0.28, while zero resistivity is no longer observed for x ≥ 0.32, which is consistent with the previous results. 
In this picture,
H gives the value of high-temperature T -independent part of R H , and in our case the roomtemperature R H is good approximation of R ∞ H for x ≥ 0.275. Thus we can compare them with the present data for x ≥ 0.28. Figure 3 shows the x dependence of R H at T =300 K with the data shown in the inset of that the sign of Hall coefficients are determined by much complicated calculations, and it is dangerous to deduce the sign of R H simply from the shape of Fermi surface. 28 However, the vertex correction becomes dominant in under-to-optimally doped region, and thus, we may safely compare R H with ARPES data. We also must be careful in comparing R H with ARPES data. One may suspect that the ARPES data was taken at T =20 K, and hence it should be compared with R H also at T =20 K. However, we consider that low-temperature upturn of R H is not a good measure of hole concentration, because it is strongly influenced by impurity scattering. To give an example, we show resistivity and Hall data for two different x=0.36 films in Fig. 4(a) . One can see that a lower resistivity sample (A) shows stronger upturn in R H at low temperatures, while the magnitude of R H at room temperatures are insensitive to a difference of resistivity. Thus, we may regard the room-temperature R H as a more direct measure of carrier concentration.
After seeing that the increase of R H to negative side, we may reasonably understand the increase of resistivity when x exceeds 0.32 to be intrinsic. In previous studies, oxygen deficiency that becomes remarkable in heavily overdoped region is believed to be the main reason of this resistivity increase. 1, 2, 19 The present results indicates that the Fermi surface starts to shrink when x ≥ 0.3, which leads to the decrease of electron concentration, and thus, the resistivity can be increased if an effective mass of electron is kept unchanged. It is interesting to perform an optical reflectivity measurement, with which we can estimate the sum of the free carriers up to a finite frequency.
We briefly mention the temperature dependence of resistivity of the x=0.40 film. Fig. 4(b) . We do not observe perfect T 2 behavior as similar to previous results. 3 The temperature dependence is better expressed as T 
